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Grain boundary profiles of CdCl,-treated CdTe

The electronic grain boundary model developed by Seto estimates the net doping density (p.)
and grain boundary (GB) trap density (p.4p,G5) given the depletion width (w) and the magnitude
of band bending (A®gs5) at the space charge region (SCR) near GBs.' To perform this analysis,
grain boundaries were identified in the vacuum level (E,,.) map of CdCl,-treated CdTe after air
exposure.

Grain-to-grain and grain-to-boundary contrast in the ionization energy (/E) and the
corresponding maxima in the 1% spatial derivative of IE [d(IE)/dx] helped map the location of
GBs. This GB map was then overlaid on the E,,. map, and the SCRs near GBs were sampled by
extracting line profiles oriented approximately orthogonal to grain boundaries, and spaced evenly
from one another.

Figures Sla and S1b shows the perimeters of some grains (outlined in yellow) obtained from
contrast in the /E map (Figure Sla) and the d(/E)/dx map (Figure S1b) of CdCl,-treated CdTe
after air exposure. The GB map from each image match well. Figure S1c shows the complete GB
map that resulted from this procedure, overlaid onto the E,,. map of the same location. The
locations of E,,. line profiles taken along GBs, used to generate fits of the depletion width and
barrier height of the space charge region (SCR) near GBs, are shown as blue lines in Figure Slc.

Of the 356 grain boundaries sampled, line profiles were either relatively flat, showed stepwise
variation, or showed decrease in E,,.. Figure S2a shows examples of relatively flat, stepwise, and
decreasing E,, at the grain boundaries. Line profiles that had a decrease (downward band
bending) in the E,,. at the location of the GB were fit with a Gaussian peak superimposed over a
linear background to extract characteristics of the SCR. 172 of 356 grain boundaries exhibited

this decrease in E,,. and were fitted.
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The FWHM of the Gaussian peak corresponded to the depletion width (w) of the SCRs near

GBs. The amplitude of the Gaussian peak was associated with the magnitude of band bending at

the GB (A®5).

Figure S1. Maps of the (a) ionization energy (/E) and (b) d(/E)/dx of CdCl,-treated CdTe after
air exposure, with some grain domains outlined in yellow. The derivative was taken along the
horizontal x direction. (¢) Perimeters of identified grains are outlined by yellow lines overlaid on
the corresponding vacuum level (E,,.) map. The location of line profiles sampled along grain
boundaries (GBs) are shown in blue lines. /E and E,,. maps were obtained from local
measurements of the photoemission threshold and photoemission spectra, respectively. The field

of view for maps was 48 um.
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Figures S2b and S2c show histogram analyses of w and A@gp obtained from the 172 analyzed
GBs.The distribution of A®dgp is asymmetric about the average value of 70 meV, and has a
standard deviation of 30 meV; the distribution of w is asymmetric about the average value of 290
nm, and has a standard deviation of 100 nm. According to the grain boundary model developed
by Seto,” values of net doping density (p,.) and GB trap density (Pirap,cB) are obtained from w

and A®@g; using the following expressions:

2e0AD
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Pnet =

where € = 10.3 is the dielectric permeability CdTe,’ &, is the dielectric constant, and e is the

elementary charge. These expressions yield p,.; = 10"° cm™ and (Dorap)GB = 10" cm™ for CdTe.
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Figure S2. (a) Typical vacuum level variation observed at grain boundaries (GBs), and
distributions of (b) the depletion width of the near-GB space charge region (SCR) and (c) the

magnitude of band bending for “decreasing” (downward band bending) GBs.
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Vacuum level and ionization energy mapping of CdCl,-treated and untreated CdTe,

before and after air exposure

As described in the experimental section and in refs. 4 and 5, local photoemission spectra and
the photoemission yield curves provide maps of the relative vacuum level (E,,.) and ionization
energy (/E). Variation of E,,. indicates relative work function variation, assuming Fermi level
alignment in the sample. E,,. and /E maps for CdCl,-treated and untreated CdTe, before and after

air exposure, are compared in Figure S3.
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Figure S3. Mapé of the (a) vacuum level and (b) ionization energy of untreated and CdCl,-

treated CdTe, before (top row) and after (bottom row) air exposure. lonization energy (/E) and
vacuum level (E,,.) maps were extrapolated from local measurements of the photoemission
threshold and photoemission spectra, respectively. PEEM measurements of local photoemission
threshold and photoemission spectra are described in ref. 5. Color scales for maps were chosen to

highlight grain and grain boundary (GB) contrast. The field of view for maps was 48 pum.
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E,,. (Figure S3a) and /E (Figure S3b) maps of untreated CdTe films before and after air
exposure show grain-to-grain variation similar to CdCl,-treated CdTe prior to air exposure.
Grain-to-boundary variation of the E,, and /E did not appear in CdTe until the CdCl,-treated
CdTe was exposed to air. E,,, maps for CdCl,-treated and untreated CdTe resembled
photoemission intensity images previously reported in ref. 6. Aberrations from an unstable
sample/holder contact affected the field distribution in the E,,. map of untreated CdTe (Figure
S3a, right column), similar to observations in ref. 6.

Histograms of these PEEM spectral maps help quantify and compare the extent of electronic
structure variations. Figure S4 shows histograms for E,,. (Figure S4a) and /E (Figure S4b) maps
in Figure S3. The histograms were fitted using multiple Gaussian functions, denoted by dashed
lines and numerical labels in Figure S4. Solid lines in Figure S4 indicate the overall fits.

Comparison of general trends (e.g. number of components, FWHMs) was the aim of this
analysis, thus no specific physical parameters were imposed on the fittings. The general
procedure for fitting was to include enough Gaussian fit functions to fit the edges of the
histogram distribution, then introduce additional fit functions to improve the overall fit, if

necessary.
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Figure S4. Histograms of (a) E,, and (b) /IE obtained from spectral maps of CdTe films
with/without CdCl, treatment and with/without air exposure shown in Figure S4. Dashed lines
with numerical labels indicate independent Gaussian fit functions, and solid lines correspond to

the overall fits.
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